Strictures of the colon can lead to significant morbidity requiring surgical management. The etiology of strictures is broad and generally categorized as benign, malignant, or pseudostrictures. Computed tomography (CT) is a crucial imaging modality in the assessment and characterization of colonic pathologies but colonoscopy remains the diagnostic gold standard. However, in the setting of incomplete colonoscopy due to strictures, the imaging features of CT will be relied on. This review will focus on the CT features of different colon pathologies leading to strictures and will be illustrated with images from 10 years of experience with CT colonography at our institutions from 2002-2012 (Hotel Dieu Hospital, Queen's University and Mount Sinai Hospital, University of Toronto).
The etiology of strictures can be broadly categorized as benign lesions, malignant lesions, or pseudostrictures. In North America, the most common cause of benign colonic stricture is diverticular disease, followed by Crohn's disease, ischemic colitis, and radiation colitis [2] . Sixty percent of significant colonic obstructions are due to primary colonic malignancies, and, of these, the majority of obstructions occur in the sigmoid region [3] . Pseudostrictures encompass a number of intrinsic and extrinsic etiologies, which transiently narrow the bowel, including haustral spasms, colonic hernias, colonic vovulus, and muscle hypertrophy within the abdominal cavity.
The current standard for assessment of colonic pathology remains endoscopic evaluation. However, up to 5%-15% of endoscopic investigations cannot transverse stenotic regions of the colon [4e7] . In these instances, double contrast barium enemas have historically been employed to complete the colonic evaluation. Noninvasive computed tomography (CT) is also used in the assessment of colonic pathology, and, in several pathologies, provides additional extraluminal information that may influence treatment and prognosis.
This review article will focus on the CT manifestations and features of strictures of the colon. In particular, the degree of bowel wall attenuation with intravenous (IV) contrast, bowel wall thickness, symmetry of thickening, length of affected colon and extracolonic findings will be discussed. We also include a series of images provided from CT colonography (CTC) that represents our institutions' experience with this technique when investigating these strictures.
Exam Technique
Patients undergoing CT colonography received special bowel preparation protocol that included: 1) 2 tablets of Dulcolax in the evening 3 and 2 days prior, and 2) 2 packets of Pico-Salax the day prior to examination. Additionally, patients' diets were restricted on the day prior to examination to clear fluids throughout the day and nothing by mouth after midnight.
Images were acquired either on Toshiba Aquilion ONE scanner (Kingston, ON) with a low radiation dose protocol (120 kV, 35 mA) and AIDR dose reduction software or Toshiba Aquilion ONE scanner with routine abdominal imaging protocol (120 kV, 50-80 mAs). Fecal tagging was achieved by administering barium and Telebrix. Unless contraindicated, 20 mg of hyoscine butylbromine was used to reduce colonic muscle spasm. Colonic insufflation was performed using an automated carbon dioxide insufflator via a small-bore rectal catheter. A total of 2.0-2.5 L of gas was insufflated or to a maximum pressure of 25 mm Hg. Approximately 1.5 L was introduced with the patient lying in the left decubitus position. Then the patient was rolled on to their right side and a further 1 L was introduced. A scout CT was done to confirm adequate distension of the colon with the patient in the supine position. This was followed by helical acquisition of the entire colon with or without IV Figure 1 . Chronic diverticular disease complicated by sigmoid stricture. Double-contrast barium enema image in a 76-year-old male patient (A) shows a long region of luminal narrowing of the sigmoid colon, associated with severe diverticular disease (asterisk). Unlike malignant or Crohn's strictures, the mucosal surface appears intact. However, margins can be abrupt and shouldered (arrows), as with malignant lesions. Three-dimensional scout computed tomography colonography (CTC) image (B) from a 52-year-old male patient demonstrates a similar long diverticular stricture, with intact mucosa, shouldered margin (arrows), and thickened haustral folds (arrowheads). Endoluminal CTC virtual endoscopy view (C) from the same patient demonstrates a distorted but grossly intact mucosal surface, corresponding with the strictured region of bowel. Cross-sectional CTC coronal view (D) shows mucosal thickening (arrows) and persistent diverticula. This figure is available in colour online at http://carjonline.org/.
contrast depending on the indication. The scan was then repeated with the patient in the prone position.
Confirmation of stricture etiology was pathology proven at colonoscopy or post-resection in 5 cases: diverticular, Crohn's, adenocarcinoma, ovarian metastasis, and postanastomotic stricture. The remaining cases were presumed diagnoses based on patient's medical history, clinical presentation, and laboratory and imaging findings.
Benign Causes of Colonic Stricture

Diverticular Stricture
Diverticulosis is a common condition in Western society. It affects nearly 10%-30% of the population over 50 years old and 30%-60% of those over 80 years old [8] . Approximately 10% of all colonic obstructions are attributed to diverticular disease [2, 9] . Although acute attacks of diverticulitis can cause transient episodes of partial obstruction, recurrent inflammatory attacks can eventually lead to marked fibrosis of the colonic wall and stricture formation, causing partial or complete obstruction in the absence of ongoing inflammation [10] . Typically, colonic strictures affect the descending and sigmoid colon segments, with the sigmoid being the more common site because it is the narrowest segment and with the greatest intersegmental peristaltic pressure [11, 12] .
Strictures of diverticulitis are long, often measuring at least 5 cm in length, and demonstrate concentric narrowing of the colonic lumen ( Figure 1 ) [13, 14] . Diverticular disease such as mucosal and haustral thickening, and pericolonic soft tissue stranding may be evident [8, 10] . The ends of chronic strictures can be shouldered or tapered and the mucosal folds of the body of the stricture are preserved, albeit distorted [15e17] . In approximately 10% of cases, diverticular stricture cannot be confidently distinguished from a stenosing neoplasm due to overlapping CT features [18] . Consequently, radiologic investigation can play an imperative role in both Figure 2 . Chronic Crohn's stricture in a 54-year-old man. Double-contrast barium enema image (A) and 3D scout computed tomography colonography (CTC) image (B) from the same patient show a short stricture at the proximal descending colon. The stricture is typically asymmetric (arrowheads), with an intact and smooth mucosal surface. Unlike ulcerative colitis, colonic involvement is often discontinuous in nature (asterisks), leading to characteristic ''skip lesions.'' Endoluminal CTC virtual endoscopy view (C) demonstrates asymmetric involvement of the colon wall, with smooth and intact mucosa. Characteristic reparative pseudopolyps can also be appreciated (arrow). Cross-sectional CTC coronal view (D) shows moderate, asymmetric mucosal thickening (arrowheads) of the strictured region in the same patient. This figure is available in colour online at http://carjonline.org/.
the detection of common complications of diverticulitis (ie, fistula, stricture, pericolic abscess, intramural sinus tracts, and peritonitis), as well as the exclusion of neoplasia [17, 19] .
A diagnosis of diverticular stricture is favored in the absence of associated pericolonic lymphadenopathy, fluid at the root of the colonic mesentery, mesenteric vascular engorgement, extraluminal air, and pericolonic inflammation [19, 20] . Pericolonic inflammation with >10 cm of involvement [15, 19] , and preservation of mucosal lining [21] are respectively the most important criteria in differentiating acute and chronic diverticulitis from carcinoma. Conversely, a diagnosis of colon cancer is more likely if pericolonic lymph nodes are identified adjacent to a segment of colonic thickening, and in the presence of an intraluminal mass [19] . Although cases of diverticular stricture may also be associated with the presence of an intraluminal mass, neoplastic masses commonly obliterate adjacent diverticulae, while the tics of a diverticular stricture remain largely preserved [15] . If the diagnosis remains uncertain following appropriate radiologic investigation, confirmatory biopsy of the affected region is invariably indicated.
Chronic Crohn's Stricture
Strictures from chronic Crohn's disease represent a persistent transmural inflammatory process leading to fibrosis that may affect any portion of the gastrointestinal tract [22] . It has strong predilection for the terminal ileum and proximal colon and the rectum is often spared [23, 24] .
Crohn's presents as discontinuous, asymmetric disease with intact or smooth mucosa ( Figure 2 ). Classically, mucosal involvement is noncontiguous, with skip lesions separated by intervening islands of unaffected mucosa forming pseudopolyps [25] . These features can be appreciated on CTC [26] and was also evident in our CTC 3D scout images ( Figure 2B ). Asymmetric involvement can lead to an eccentric loss of haustration and pseudosacculation as the inflamed wall fibroses and shortens, with redundancy of the Figure 3 . Ischemic stricture. Double-contrast barium enema image in a 75-year-old male (A) and 3D scout computed tomography colonography (CTC) image in a 49-year-old woman with antiphospholipid antibody syndrome and remote history of inferior mesenteric artery thrombosis (B) demonstrate long, smooth, tubular strictures of the descending and sigmoid colon, respectively. Stricture length is often variable, depending on (but often shorter than) the length of ischemic involvement. Margins, like those of radiation strictures, are consistently tapered (arrowheads) and luminal narrowing is concentric. Variable degrees of haustral fold thickening (arrows) are often also appreciable, but more so in acute stages, due to mucosal oedema. Endoluminal CTC virtual endoscopy view (C) demonstrates a flattened and rigid mesenteric border (arrow) of the stricture, with pleating of the antimesenteric endoluminal mucosa (arrowheads). This figure is available in colour online at http://carjonline.org/.
opposite wall [14, 27] . Eccentric, segmental mural wall thickening can often be demonstrated, with a mean wall thickness of 11-13 mm, thicker than that seen in ulcerative colitis (UC) [9, 23, 28] .
With chronic recurrent inflammatory attacks, loss of mural stratification can lead to homogenous attenuation of the involved colon, indicative of transmural fibrosis [25] . Fibrofatty proliferation in associated regions of mesentery is almost exclusively associated with Crohn's disease, and presence of this finding is highly suggestive of the diagnosis [22, 28] . An added advantage of CTC examination enables detection of extracolonic findings such as fistulae and abscesses [29] .
Ischemic Stricture
Ischemic injury to the colon is usually caused by nonocclusive ischemic disease but also includes arterial occlusive and venous occlusive disease [30] . Most patients are over 70 years of age and many have a history of heart disease, however, it may occur in younger individuals, especially those with a history of vasculitis or a coagulopathy [31] . Watershed regions in the colon's extensive vasculature are particularly susceptible to hypovolemic ischemia, especially the splenic flexure, the region between the superior and inferior mesenteric artery distributions, and the rectosigmoid artery distribution [31, 32] .
Strictures formed from ischemic injury are smooth, fibrotic and tubular, and are of variable length, often with tapering margins (Figure 3 ). An ischemic etiology can be strongly suspected if there is segmental colonic involvement [33] . Flattening or rigidity of the mesenteric border and pleating of the antimesenteric margin can develop chronically due to fibrotic changes to the affected region [34] .
Infectious (Pseudomembranous Colitis) Stricture
The most probable cause of infectious colonic obstruction is from the exotoxins of Clostridium difficile, although other infectious agents can also lead to stricturing of the colon, such as ileocecal tuberculosis, lymphogranuloma venerum, colonic cytomegalovirus, and a number of amebic or filarial parasitic infections [35] . Typically, long-term complications of acute infections with many of these infectious etiologies are rare, in part due to prompt antimicrobial therapy. However, when these complications arise, patients often present acutely secondary to a symptomatic stricture after prolonged history of minimally symptomatic colitis. C. difficile colitis should be considered in patients who have a history of recent hospital admission or use of broad-spectrum antibiotic treatment. Moreover, individuals of advanced ages are more susceptible to infections affecting the colon. Similarly, tuberculosis or amebic stricture should be considered in the presence of appropriate risk factors and exposure.
Infectious strictures often present with nonspecific features on CT, and can commonly simulate the findings of Crohn's disease or colonic neoplasm. In cases of long-standing untreated C. difficile infection, prominent low-attenuating diffuse or segmental circumferential or eccentric mural wall thickening may be seen, corresponding to mucosal or submucosal oedema (Figure 4 ) [36] . It is considered more irregular than in Crohn's, which is usually symmetrical and homogenous. In the acute setting, C. difficile commonly causes greater bowel wall thickening than any other inflammatory or infectious causes, with the exception of Crohn's disease. Marked mural thickening ranging from 0.3-3.2 cm with a mean of 1.5 cm has been documented, as well as the presence of target signs on CT [35] . The pathognomonic pseudomembranes seen in C. difficile colitis cannot be appreciated on CT or CTC views [35] .
Radiation Stricture
Patients that have been treated with external radiation or brachytherapy for abdominal or pelvic malignancies are susceptible to obliterative endarteritis due to radiation injury [37] . The rectum is the commonest site of injury, despite its relative resistance to radiation injury, due to its relatively fixed position. The cecum, sigmoid, small bowels, and less commonly the transverse colon may fall into the radiation field due to their relative mobility [38] . Radiation injuries usually occur 6-24 months following initiation of therapy but have been described from 2 months Figure 5 . Postradiation injury stricture. Double-contrast barium enema image in a 78-year-old female (A) and 3D scout computed tomography colonography (CTC) image in a 64-year-old male (B) demonstrating long and smooth tampering stricture (asterisks) of previously irradiated sigmoid colon. As with ischemic strictures, radiation strictures are variable in length, depending on the size of abdomen/pelvis irradiated. Haustral folds and other normal mucosal markings are often absent (arrowheads). Endoluminal CTC virtual endoscopy view (C) demonstrates a long narrowed region of colon, with smooth and ahaustral mucosal surface. This figure is available in colour online at http://carjonline.org/.
to 30 years post therapy [39, 40] . Previous history of abdominal surgery, pelvic inflammatory disease, concomitant arteriosclerosis, diabetes, and/or hypertension increases the likelihood of stricture formation following radiation therapy [38] .
The commonest site of stricture formation is the rectosigmoid junction [38] . Signs of both subacute inflammation and chronic fibrotic changes are seen simultaneously in cases of radiation stricture, as the radiographic features reflect largely an ischemic process [41] . CT features are similar to chronic ischemic colitis with nonspecific uniform wall thickening, increased pelvic fat, and thickening of perirectal fibrous tissue on crosssectional images [37, 42] . With IV contrast the bowel wall demonstrates uniform enhancement [42] . The segment of affected colon will typically be tubular and ahaustral with diffuse or focal tapering ( Figure 5 ). Similar to ischemic strictures, the length of the stricture is variable depending on the size of the radiation field. Affected segments are frequently straightened and often elevated out of the pelvis due to the combination of thickening of the bowel wall and surrounding pelvic tissues from extensive fibrosis and muscle atrophy [41] .
Malignant Causes of Colonic Stricture
Adenocarcinoma Stricture
Approximately 60% of large bowel obstructions are secondary to primary colonic carcinoma, with the sigmoid region being the site of most obstructions [43] . Colorectal cancer constitutes the second leading cause of cancer death in the United States, with an estimated 50%-60% of adenomas occurring in the rectosigmoid region [44, 45] . Adenocarcinoma strictures are commonly described as apple-core lesions. These lesions are short, typically between 3-4 cm, and rarely more than 6 cm in length ( Figure 6 ) [14] . There is frequently severe luminal narrowing and abrupt Figure 6 . Stricture due to pathology-proven colonic adenocarcinoma. Double-contrast barium enema image in a 72-year-old male (A) and 3D scout computed tomography colonography (CTC) in an 88-year-old male (B) showing focal regions of irregular annular stricture (''apple-core'' lesion) in the sigmoid colon (asterisk), associated with an invasive adenocarcinoma. In presymptomatic patients, lesions can also be polypoid or plaque-or saddle-like. Mucosal detail is often destroyed, and difficult to appreciate on double contrast barium enemas or 3D scout CTC images. 30% of adenocarcinomas are associated with diverticular disease, and, if present, diverticular tics (arrowheads) are visibly obliterated by the invading mass. Endoluminal CTC virtual endoscopy view (C) demonstrates the lumen of the strictured region to be markedly irregular and shouldered, with an ulcerated and grossly distorted mucosal surface. The softtissue mass can be clearly appreciated on cross-sectional CTC axial view (D), eccentrically invading the mucosa, and obliterating diverticular tics in the area (arrow). This figure is available in colour online at http://carjonline.org/.
shouldering of the margins [3, 14] . Annular lesions are unusual in the rectum; instead, large bulky polypoid lesions are considerably more common in this region [3] . The lumen of adenocarcinoma strictures are typically eccentric, irregular with diffusely ulcerated or distorted mucosa due to mucosal destruction. The absence of mucosal folds is not unusual [13] . With cross-sectional CT, evidence of asymmetric or circumferential colonic wall invasion or thickening may be present [3] .
Dysplasia-Associated Nonadenomatous Lesions or Mass
Inflammatory bowel disease (IBD), in particular UC, carries a high risk for the development of colon cancer, especially within the distal colon and rectum [46, 47] .
Carcinoma on a background of UC is notoriously difficult to diagnose because of nonclassical and varying gross morphology. These lesions can present as polyps, bumps, plaques, and velvety patchesdcharacteristics that frequently resemble the gross inflammatory changes encountered in IBD [48] . They can also manifest as flat lesions with minimal change in mucosal texture, making detection difficult by any imaging modality [49] . As such, patients with long-standing UC should have a CT performed and scrutinized for other extraluminal signs of carcinoma. On CT, dysplasia-associated nonadenomatous lesions or mass most commonly appears as a diffuse infiltrating nodular lesion or a sessile polypoid abnormality. The lesions are long, between 2-6 cm, with rigid and tapering margins. The mural thickening is asymmetric and the mucosa is irregular with focal loss of mural Figure 7 . Colonic stricture due to metastasis. Double-contrast barium enema in a 60-year-old female with metastatic ovarian carcinoma (A) and 3D scout computed tomography in a 65-year-old male with unknown primary malignancy (B) demonstrating extensive perintoneal carcinomatosis causing structuring of the sigmoid colon. Involvement at this site characteristically leads to mass effect and haustral fold tethering (arrow) and retraction (arrowheads) along the superior border of the mesocolon. Metastatic involvement and desmoplastic reaction of the cecal serosa can also be seen in (B) as irregularity of the cecal wall contour (asterisk). Endoluminal CT colonography (CTC) virtual endoscopy view (C) again demonstrates luminal narrowing and haustral fold retraction along the mesocolonic border of the involved sigmoid colon. Marked serosal caking is seen on cross-sectional CTC axial view (D) extending throughout the pelvis to involve segments of sigmoid colon, multiple loops of small bowel, and cecum (arrow). This figure is available in colour online at http://carjonline.org/.
stratification. Mural thickening greater than 1.5 cm strongly suggests carcinoma on a background of UC [23] .
Advanced Crohn's disease predisposes the patient to a higher risk of developing adenocarcinoma and lymphoma, however, they do not have the same malignant potential as UC [23] . Carcinoma from Crohn's disease is commonly found in the proximal colon and in areas similar to the distribution of Crohn's disease rather than the usual distribution of de novo cancer [50] . On CT, there are typical malignant features of mucosal destruction, mass effect, and/or infiltration along and through the colonic wall [51] .
Metastatic Lesions
Metastatic lesions of the GI tract are highly dependent on the primary site, route of spread, site of deposition, desmoplastic reaction and degree of progression. Routes of spread typical for metastatic disease to the colon include intraperitoneal spread, direct extension and hematogenous dissemination. As a general rule, when multiple strictured regions are demonstrated on imaging, metastatic tumour should be a primary consideration (Figure 7 ). The primary tumour may frequently be apparent on cross-sectional CT images, and in addition to metastatic deposits, will typically enhance with contrast administration depending on the type of primary neoplasm.
Pseudostrictures
Postanastomotic Stricture
Postanastomotic strictures may be mistaken for a malignant stricture due to their abrupt, shouldered margins and short, segmental narrowing. However, unlike malignant strictures, the mucosal surface is smooth and intact. A Figure 8 . Postanastomotic stricture following surgical colorectal anastomosis. Double-contrast barium enema image in a 55-year-old female (A) and 3D scout computed tomography colonography (CTC) in a 67-year-old male (B) both demonstrate a very short segment of severe luminal narrowing at the site of a previous colorectal anastomosis (arrowheads). A pouch-like distended region of proximal juxtastenotic colon is common (asterisks). Endoluminal CTC virtual endoscopy view (C) demonstrates abrupt and shouldered margins, like that of a malignant stricture, but with a smooth and intact mucosal surface. This figure is available in colour online at http://carjonline.org/.
pouch-like distended region of proximal juxtastenotic colon is common (Figure 8 ).
Colonic Hernia
Herniation of the colon is much less common than small bowel herniation due to the large calibre and retroperitoneal fixation of the colon. Left inguinal herniation of the sigmoid colon is the most common transabdominal herniation of the colon [52] . On CT, the involved bowel is usually short and smooth. The constriction is irregularly shaped with potential for shouldering margins. Dilatation of the proximal bowel may be possible if the hernia results in significant obstruction ( Figure 9 ).
Volvulus
Torsion of the colon is the third most common cause of colonic obstruction [53] . On axial scans with CT, a whirl sign may be apparent. It is caused by spiraled loops of collapsed bowel associated with low-attenuating fatty mesentery and enhancement of engorged mesenteric vessels radiating from the twisted bowel [54] . The classic pathognomonic sign of cecal volvulus is a smooth, dilated coffee bean-shaped cecum that is often displaced superiorly to the left with collapse of distal colon [55] . The tapered edge of the stenosed cecum points towards the side of the torsion. For sigmoid volvulus, the pathognomonic sign is a smooth and dilated inverted U, which is balloonlike and ahaustral, rising from the pelvis in a vertical or oblique direction [56] .
Extrinsic Compression
Extrinsic benign and malignant processes often result in more marked luminal narrowing, due to spasm of adjacent colon, than noninflammatory compressive masses or normal structures. Typically, there is a focal region of compression with variable margins of either abrupt or tapering (Figure 10 ). The mucosal surface is almost invariably intact, Figure 9 . Stricture due to transabdominal colonic herniation. Double-contrast barium enema image in a 38-year-old male (A) and 3D scout computed tomography colonography (CTC) in a 45-year-old male (B) demonstrating abrupt, short, and shouldered (arrowheads) stricture of sigmoid inguinal hernia. Bowel herniation is evidenced as a pouch-like loop of contrast-filled bowel (arrows) outside of the abdominal wall, with significantly narrowed intervening segments. Dilation of the proximal bowel (asterisks) may be present if the hernia results in significant obstruction. Endoluminal CTC virtual endoscopy view (C) demonstrates an irregularly shaped and shouldered constriction, corresponding with a region of bowel herniation through the anterior abdominal wall on crosssectional CTC axial view (D). This figure is available in colour online at http://carjonline.org/.
although associated desmoplastic reaction may lead to pleating or tethering.
Intussusception
Intussusception is more commonly seen in the pediatric population but when it is seen in adults, it is commonly colocolic [57] . Depending on the orientation of the intussuscepted bowel, a target-like or multilayered mass of inner intussusceptum and outer intussusceptiens is appreciated on cross-sectional CT images.
Haustral Spasm
Haustral spasms are transient in nature and when caught on imaging they demonstrate a narrow, focal ring appearance that is uniformly constricted. Mucosa is smooth and intact, and the stricture lacks irregularity or shouldering to suggest an annular mass (Figure 11) . Often, the transient nature of haustral spasm will cause the affected region to appear patent on prone images if constricted on supine images, or vice versa.
Conclusion
CT features such as the characteristics of bowel wall thickness, length of affected colon, mucosal pattern and integrity, demarcation of the margins, bowel wall enhancement and attenuation, and extracolonic findings correlated with clinical history can frequently lead to identification of the stricture etiology. In turn, this can guide the clinician in selecting further diagnostic or appropriate therapeutic modalities.
Our review illustrated the possible use of CTC in diagnosing colonic pathologies with strictures; however, the current accepted use of CTC is limited to the diagnosis of neoplastic disease. Further studies are needed to validate the appropriateness of CTC for benign pathologies. Figure 10 . Colonic pseudostricture due to external compression. Double-contrast barium enema in a 58-year-old female (A) and 3D scout computed tomography (CT) in a 64-year-old female (B) with large ovarian cystadenocarcinomas (asterisks) exerting significant mass effect on the adjacent sigmoid colon (arrowheads). Tapered margins (arrow) are typical of extrinsic compression, with an otherwise smooth and intact mucosal surface, as seen on endoluminal CT colonography (CTC) virtual endoscopy view (C). The large complex cystic ovarian mass (asterisk) is seen on cross-sectional CTC sagittal view (D) compressing, but not definitely involving the sigmoid colon (arrowheads) and rectum (arrow). This figure is available in colour online at http://carjonline.org/.
